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Abstract. The adsorption of a single collapsed homopolymer onto a planar smooth surface in shear ﬂow
is investigated by means of Brownian hydrodynamics simulation. While cohesive intra-polymer forces are
modeled by Lennard-Jones potentials, surface-monomer interactions are described by stochastic bonds
whose two-state kinetics is characterized by three parameters: bond formation rate, bond dissociation rate
and an eﬀective catch bond parameter that describes how the force acting on a surface-monomer bond
inﬂuences the dissociation rate. We construct adsorption state diagrams as a function of shear rate and all
three surface-monomer bond parameters. We ﬁnd shear-induced adsorption in a small range of parameters
for low dissociation and association rates and only when the surface-monomer bond is near the transition
between slip and catch bond behavior. By mapping on a simple surface-monomer interaction model with
conservative pair potentials we try to estimate the conservative potential parameters necessary to observe
shear-induced surface adsorption phenomena.
1 Introduction
Some biological bonds exhibit prolonged lifetimes in the
presence of tensile forces, a counter-intuitive phenomenon
referred to as catch bond behavior [1,2]. Experimental ev-
idence for catch bond behavior comes from studies on var-
ious receptor-ligand complexes [3–7] and motivated atom-
istic [8,9] as well as mesoscopic [10] simulation studies with
the goal to characterize and explain the underlying mech-
anisms. As a matter of fact, also force-insensitive bonds
have been reported [7], which can be viewed as intermedi-
ate between catch bonds and the more common slip bonds.
How individual biological bonds respond to forces
has profound implications for the surface-adhesion of
biomacromolecules under ﬂow conditions. The present
study is motivated by the blood protein von Willebrand
Factor (VWF), which plays a key role in hemostasis [11] by
unfolding and activation at elevated shear rates and sub-
sequent binding to the vessel wall [11–13]. Catch bond be-
havior has been found in the binding of VWF A1 domain
to platelets’ GPIbα [4, 6], and also the collagen-mediated
binding of VWF to blood vessel walls was suggested to
exhibit a non-trivial force dependence [12].
Recently, we have shown that for simple coarse-grained
polymer models based on a time-independent Hamilto-
nian entirely consisting of energy-conserving pair poten-
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tials between monomers and the surface, adsorption is not
enhanced in the presence of shear ﬂow [14], i.e., hydrody-
namic shear always favors the desorbed state of a single
globular or coiled polymer [15, 16]. This stands in con-
trast to experimental ﬁndings on VWF adhesion under
high ﬂow conditions [12], and thus suggests that in order
to obtain shear-induced adsorption behavior, slip-resistant
catch bonds might be a necessary ingredient. That catch
bonds are in fact suﬃcient to induce adsorption of poly-
meric globules on surfaces by shear has been demon-
strated in the pioneering work by Sing and Alexander-
Katz [17,18], an observation that forms the starting point
for the present investigations.
Here, we study the adsorption of globular polymers by
stochastic two-state surface-monomer bonds, which is a
model that for particular parameter values was previously
shown to lead to shear-induced adsorption [17]. Similar
models with simple two-state kinetics have proven useful
in a number of studies since it is relatively straightforward
to include the force-dependent bond stability in a heuris-
tic manner so that either slip or catch bond behavior is
obtained [17–21]
We present adsorption state diagrams as a function
of shear rate, the surface-monomer bond dissociation and
association rates and an eﬀective catch bond parameter
that describes the continuous change from slip to catch
bond behavior. The adsorption transition displays shear-
induced adsorption only for rather low dissociation and
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association rate and only for bonds that show neither pro-
nounced slip nor catch bond behavior.
In the last part, we compare the stochastic two-state
surface-monomer bond model with a binding scenario
based on conservative surface-monomer potentials, similar
to that used in our previous study [14]. We ﬁnd that in
order to see shear-induced adsorption phenomena, surface-
monomer potentials should presumably have an extremely
short spatial range, which makes simulations impractical
for large system sizes.
2 Simulation method
Brownian hydrodynamics simulations are performed using
the discretized Langevin equation











which describes the displacement of bead i during a time
step Δt. Note that all quantities are made dimensionless
by rescaling lengths by the monomer radius a according to
r = r˜/a, energies U = U˜/kBT by the thermal energy and
times t = t˜/τ by the characteristic monomer diﬀusion time
τ = a2/μ0kBT = 6πηa3/kBT , with Stokes mobility μ0
and viscosity η. The ﬁrst term in eq. (1) represents a linear
shear ﬂow with rate γ˙ = ˜˙γτ , where xˆ is the unit vector in
the x-direction. The second term accounts for the direct
force acting on particle i itself as well as the hydrodynamic
ﬂow-ﬁeld created by forces acting on all other particles
j = i. Hydrodynamic interactions at a surface with no-
slip boundary condition are taken into account via the
mobility matrix approximated by the Rotne-Prager-Blake
tensor [22–24] given by
μij = μ˜ij/μ0 = μ
RPB
self (zi)δij + (1− δij)μRPB(ri, rj).
(2)
Explicit expressions for the self-mobilities μRPBself (zi) and
the oﬀ-diagonal elements μRPB(ri, rj) have been given
previously [24]. The third term in eq. (1) compensates
for the spurious ﬂux due to inhomogeneities in the self-
mobility [25]. The stochastic contribution ξi is given
by Gaussian random vectors with correlations accord-
ing to the ﬂuctuation-dissipation theorem 〈ξi(t)ξj(t′)〉 =
6μijΔtδ(t− t′) and vanishing mean. The simulations typ-
ically run for 109 time steps of length Δt = 10−4. For
computational speed we update the mobility matrix μij
only every 100 time steps, which does not alter the results.
The homopolymer model consists of N = 50 beads,
which interact via Lennard-Jones potentials of depth
ε = ε˜/kBT = 2 and are connected in a linear chain
by harmonic bonds with a rescaled spring constant κ =
κ˜a2/kBT = 200. The value chosen for ε corresponds to
a strongly collapsed globule, which, however, is still far
from a crystallization transition that for N = 50 occurs at













(ri,i+1 − 2)2 .
(3)
The total potential energy U = Upol + Urep includes in
addition a surface term Urep that accounts for steric ex-
clusion of the polymer from the surface and in particular
























, zi ≤ σR,
0, zi > σR,
(4)
with a short range of σR = 1.2. The maximal height above
the surface is restricted by a soft wall acting on the poly-
mer center-of-mass located at a height z = 15.
Surface adhesion is modeled via surface-monomer
bonds that are governed by stochastic two-state kinetics.
A monomer can reversibly bind to the surface when it is
within the surface reaction range zr = 2 above the no-slip
boundary, regardless of its lateral position. The binding
probability is determined by the adsorption rate. When
the monomer is bound its mobility is set to zero, i.e., the
position is frozen despite hydrodynamic and direct forces
due to other beads. The virtual force acting on an immo-
bilized monomer is not included in the oﬀ-diagonal mo-
bility terms in eq. (1), which means that an immobilized
monomer is transparent to the ﬂow or, in other words,
that it perfectly ﬁts into surface defects without modify-
ing the surface ﬂow boundary condition. Adsorption and
desorption rates can be interpreted in terms of energy bar-
rier heights Ea and Ed, respectively, in a ﬁctitious energy
landscape. The equilibrium behavior is governed by the
energy diﬀerence ΔE = Ed−Ea. With a pre-factor ν, the
so-called attempt frequency, the adsorption rate becomes
ka = νe−Ea , (5)
while the desorption rate is given by
kd = νe−(Ed−xf), (6)
where the catch bond parameter x sets the sensitivity of
the desorption rate to the force f acting on the bound
particle i, deﬁned by f = |γ˙zixˆ − ∇riU |. In the calcu-
lation of f we omit stochastic forces, which have vanish-
ing mean, as well as hydrodynamic interactions, consider-
ing immobilized monomers to be transparent to the ﬂow
ﬁeld created by other monomers, as discussed earlier. At-
tempts for bond formation for each monomer within the
surface reaction range, z ≤ zr = 2, and dissociation for
each existing surface bond are performed with a frequency
ν = ν˜τ = 100. Thus, in the simulation, bonds are updated
every 100 time steps (Δt = 10−4) and the bond force f is




Fig. 1. Adsorption of a collapsed polymer with cohesive strength ε = 2 and number of monomers N = 50 in the absence of
shear ﬂow. The adsorption energy barrier is ﬁxed at Ea = 9. A horizontal black dotted line indicates the adsorption transition
threshold deﬁned as zcom = 7. a) The average height of the polymer center-of-mass zcom and b) the rescaled average number of
bonds Nb/N are plotted as a function of the adsorption energy ΔE. Upon changing from slip bond behavior, x = 0.05 (orange),
to catch bonds, x = −0.05 (cyan), the equilibrium adsorption transition shifts towards smaller ΔE. c) When the adsorption
energy is shifted by the average force acting on the surface bonds at the moment of rupture, ΔE−xfr, the data for zcom fall on
a single curve regardless of the value of x. d) The equilibrium adsorption behavior is independent of the initial conﬁguration, as
demonstrated for x = 0; simulations are either initialized in the desorbed state (black) or in a state where the globule is bound
to the surface via a randomly chosen bead (cyan).
averaged during this time interval. Note that the update of
the mobility matrix μij occurs with the same frequency.
As opposed to a similar study [17] we do not represent
surface bonds by harmonic springs which are suddenly
switched on, as this can lead to abrupt changes of tensile
spring forces for newly formed bonds and thereby aﬀect
the balance between dissociation and association rates.
3 Results
3.1 Equilibrium adsorption
First we consider the adsorption behavior of a collapsed
polymer in equilibrium without shear ﬂow. As shown in
ﬁg. 1a), the average height of the center-of-mass zcom =
N−1
∑N
i zi relative to the surface decreases with rising
adsorption energy ΔE while the rescaled average num-
ber of bonds Nb/N in ﬁg. 1b) increases. The adsorp-
tion transition, indicated by the dotted horizontal line,
is deﬁned by the distance criterion zcom = 7, which is
chosen so that zcom exhibits maximal slope at the ad-
sorption transition, as illustrated in ﬁg 1a). The aver-
age number of bonds at the adsorption transition is of
the order of Nb/N ≈ 0.05, meaning that roughly two to
three surface-monomer bonds are present at the transi-
tion. Upon changing from slip bond, x > 0, to catch bond
behavior, x ≤ 0, the equilibrium adsorption transition
shifts towards smaller values of ΔE, meaning that catch
bond behavior enhances the adsorption. This follows from
the fact that the ratio of the adsorption and desorption
rates deﬁned in eqs. (5), (6) is given by ka/kd = eΔE−xf
where the force f acting on the surface bond is a posi-
tive deﬁnite quantity. As shown in ﬁg. 1c), the average
height zcom for diﬀerent values of x fall on a single curve
when plotted as a function of ΔE − xfr, where fr is the
force acting on the bond at the moment of rupture. In
ﬁg. 1d) we conﬁrm that the simulation results do not de-
pend on the initial conditions, i.e. there is no diﬀerence
in the equilibrium globule height for simulations initial-
ized with a desorbed, unbound globule and simulations
initialized with an adsorbed globule where a single, ran-
domly chosen bead is bound to the surface. For the results
shown in ﬁg. 1, the force-independent adsorption energy
barrier is kept constant at a value Ea = 9.
3.2 Varying catch bond parameter at ﬁxed adsorption
and desorption rates
An important question concerns the eﬀect of the catch
bond parameter x on the non-equilibrium adsorption be-
havior in shear ﬂow. For positive values of x, the surface
bonds exhibit the usual slip behavior and are weakened
when a force acts on the bond. Changing the catch bond
parameter towards negative values leads to bonds that
become stronger under force, which eﬀectively might en-
hance adsorption in shear ﬂow. Indeed, it has been shown
that shear induces adsorption for low desorption rates kd
and for vanishing catch bond parameter x = 0 [17]. In the
following we determine the range of parameters for which
adsorption is enhanced by shear.
In order to determine the adsorption transition we plot
the average height of the polymer center-of-mass zcom in
ﬁg. 2a) as a function of shear rate γ˙ for a few ﬁxed values
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Fig. 2. a) Average height of the polymer center-of-mass zcom
as a function of shear rate γ˙ for diﬀerent ﬁxed values of the
catch bond parameter x. Surface bonds are characterized by
high adsorption and desorption energy barriers Ea = Ed = 9.
Whereas x < 0 corresponds to catch bonds, positive x corre-
sponds to slip bond behavior. The dotted horizontal line indi-
cates the adsorption transition deﬁned by the distance criterion
zcom = 7. b) Average height zcom as a function of x for diﬀerent
shear rates and ﬁxed Ea = Ed = 9. The adsorption transition
is indicated by vertical dashed lines.
of the catch bond parameter x and in ﬁg. 2b) as a function
of x for a few diﬀerent ﬁxed values of γ˙. Low rates of bond
formation and dissociation are obtained by choosing high
values for the adsorption and desorption energy barriers,
Ea = Ed = 9. The choice of ΔE = Ed − Ea = 0 ensures
proximity to the adsorption transition, as can be seen in
ﬁg. 1a).
Indeed, pronounced shear-induced adsorption is ob-
served for x = 0 in ﬁg. 2a), in agreement with literature
results [17]; at low shear rates γ˙ < 0.1 the globule is in the
desorbed state, deﬁned by the distance criterion zcom > 7
and indicated by the horizontal dotted line. Further in-
creasing the shear rate leads to adsorption until the des-
orbing lift force overwhelms the surface adhesion around
γ˙ = 1.9. Whereas slip bonds with x = 0.02 always lead to
desorption (orange symbols), small negative values of x,
i.e. catch bond behavior, favors adsorption at low shear
Fig. 3. Adsorption state diagram as a function of shear rate γ˙
and catch bond parameter x for a collapsed polymer with cohe-
sive strength ε = 2. Stochastic surface bonds are characterized
by adsorption and desorption energy barriers Ea = Ed = 9.
Only within the small shaded region −0.02 < x < 0.02, shear-
induced adsorption is observed in a ﬁnite window of intermedi-
ate shear rates. Snapshots illustrate an adsorbed conﬁguration
obtained for γ˙ = 1, x = 0, where beads that are bound to the
surface are colored in red, and a desorbed globule obtained for
γ˙ = 1, x = 0.03 in the desorbed part of the state diagram.
rates but with increasing shear the globule also desorbs.
As can be seen in ﬁg. 2b), increasing the catch bond pa-
rameter x coming from negative values, where the polymer
is adsorbed, leads to a desorption transition. This shear-
dependent desorption transition, induced by changing the
bonds from catch to slip behavior, is indicated by vertical
dashed lines.
As a result, we obtain the adsorption state diagram
in ﬁg. 3, showing the adsorption transition of a collapsed
globule as a function of rescaled shear rate γ˙ and the catch
bond parameter x. Although the hydrodynamic interac-
tions included in the simulations lead to hydrodynamic
lift forces that work against adsorption [15,16], in a small
parameter range of −0.02 < x < 0.02 we observe shear-
induced adsorption. The state diagram in ﬁg. 3 displays re-
entrant behavior, i.e., adsorption is only observed within
a ﬁnite small window of intermediate shear rates. Surpris-
ingly, the existence of shear-induced adsorption is very
sensitive to the value of the catch bond parameter x. We
note that whether the polymer is desorbed at high shear
rates depends on the initial conditions of the simulation,
as discussed below.
To obtain a feeling for the strong inﬂuence of the catch
bond parameter on the desorption rate, we present in ﬁg. 4
data for the average rupture force fr, deﬁned as the force
acting on a bond at the moment of dissociation, for the
same parameter values already shown in ﬁg. 2a). Accord-
ing to the adsorption state diagram ﬁg. 3, shear-induced
adsorption occurs in the range −0.02 < x < 0.02. In the
range of shear rates where the globule is adsorbed, the rup-
ture force in ﬁg. 4 is approximately fr = 22±1. According
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Fig. 4. Average rupture force fr as a function of shear rate
γ˙ for the same parameters as in ﬁg. 2a). Vertical dashed lines
indicate the adsorption transition.
to the deﬁnition of the desorption rate in eq. (6), the force
changes the desorption rate by a factor exfr , which using
fr = 22 translates into 0.64 < exfr < 1.55 for a range of
−0.02 < x < 0.02. We conclude that although the catch
bond parameter x is very small in the range where shear-
induced adsorption is observed, due to the large values of
the rupture forces fr the eﬀect on the dissociation rates is
sizable, explaining the surprising sensitivity of the result-
ing adsorption behavior on x.
3.3 Varying adsorption and desorption rates at ﬁxed
catch bond parameter
The shear-dependent adsorption behavior depends on
both the adsorption energy barrier Ea and the desorp-
tion energy barrier Ed. In ﬁg. 5a) we present the globule
center-of-mass height zcom as a function of shear rate for
ﬁxed catch bond parameter x = 0 and ﬁxed adsorption en-
ergy barrier height Ea = 9 for a few diﬀerent values of the
adsorption energy ΔE = Ed −Ea. The data exhibit clear
shear-induced adsorption for ΔE = 0 (black data points)
whereas a positive value ΔE = 0.5 leads to adsorption
for low shear rates and a negative value ΔE = −0.5 pro-
motes desorption for all values of γ˙. The eﬀect of varying
ΔE at ﬁxed x = 0 and Ea = 9 is summarized in the ad-
sorption state diagram ﬁg. 6a). We see that shear-induced
adsorption is only observed within a very narrow range of
adsorption energies −0.3 < ΔE < 0.4.
Next we determine the globule adsorption behavior for
varying adsorption energy barrier height Ea at ﬁxed catch
bond parameter x = 0. For this we ﬁx the adsorption en-
ergy at ΔE = Ed − Ea = 0, meaning that we vary both
adsorption and desorption barrier heights so that the equi-
librium adsorption behavior stays invariant. In ﬁg. 5b) we
show the average polymer height as a function of Ea for a
few ﬁxed shear rates γ˙ and for ΔE = 0, we observe adsorp-
tion only for intermediate values of Ea. These results are
summarized in the adsorption state diagram in ﬁg. 6b) as
a function of γ˙ and Ea. For a whole range of adsorption
a)
b)
Fig. 5. a) Average height of the polymer center-of-mass zcom
as a function of shear rate γ˙ for a few diﬀerent values of the
adsorption energy ΔE = Ed−Ea with ﬁxed Ea = 9 and x = 0.
Whereas negative values of ΔE always lead to desorption, for
ΔE > 0 the polymer is adsorbed at low shear ﬂow and with
increasing shear rate it crosses the desorption transition deﬁned
by zcom = 7, indicated by the dotted horizontal line. Shear-
induced adsorption is observed for ΔE = 0. b) Average height
zcom as a function of the adsorption energy barrier height Ea
for ﬁxed ΔE = 0, x = 0 and a few diﬀerent shear rates.
energy barrier heights 5 < Ea < 12 shear-enhanced ad-
sorption is observed for an interval of intermediate shear
rates of about 0.1 < γ˙ < 2. As seen in ﬁg. 5b), without
shear the polymer is desorbed for all values of Ea. The ad-
sorption transition is denoted in ﬁg. 6 as black lines. The
region shaded in gray indicates where the globule adsorp-
tion state depends on the initial conditions of the sim-
ulation; at large shear rate and high adsorption energy
barrier an initially bound polymer does not desorb during
the time of simulation while an initially unbound polymer
will stay unbound.
3.4 Initial condition and reversibility
The eﬀect of initial conditions and the reversibility of
shear-induced adsorption eﬀects are illustrated in ﬁg. 7.
The average height of the polymer above the surface is
shown as a function of the adsorption energy barrier height
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Fig. 6. a) Adsorption state diagram as a function of shear rate
γ˙ and adsorption energy ΔE at constant adsorption energy
barrier height Ea = 9 and catch bond parameter x = 0. b)
Adsorption state diagram as a function of shear rate γ˙ and
adsorption energy barrier height Ea for ﬁxed ΔE = 0 and
x = 0. In the range 5 < Ea < 12, shear-induced adsorption
is observed for intermediate shear rates. The region shaded
in gray, at large Ea and large γ˙, roughly indicates where the
adsorption state depends on the initial conditions. Here, during
the course of simulations an initially desorbed globule does not
adsorb while an initially adsorbed globule remains adsorbed.
Ea for ﬁxed γ˙ = 1, x = 0, ΔE = 0 in ﬁg. 7a), and as a
function of shear rate for ﬁxed Ea = 9, x = 0, ΔE = 0
in ﬁg. 7b). We compare two diﬀerent initialization proto-
cols, for the black data points we start each simulation
with a desorbed, unbound globule conﬁguration (which is
our general protocol used for most simulations), whereas
for the cyan data points we start each simulation with a
globule that is bound to the surface via a single, randomly
chosen bead. Whereas in ﬁg. 7a) the adsorption behavior
is independent of the initial condition for Ea < 12, we see
that for larger adsorption energy barriers the behavior is
determined by the initial conditions. Likewise, for γ˙ < 2
in ﬁg. 7b) both simulation protocols lead to identical be-
havior while for larger shear rate an initially adsorbed
globule stays adsorbed and an initially desorbed globule




Fig. 7. Eﬀect of diﬀerent initial conditions and reversibility of
the shear-induced adsorption state for ﬁxed parameters x = 0,
ΔE = 0. a) Average height zcom as a function of the adsorp-
tion barrier Ea at ﬁxed γ˙ = 1. Simulations that start with
a desorbed globule (black data points) exhibit shear-induced
adsorption for 5 < Ea < 12. When the globule is initially
adsorbed to the surface (cyan data points) and Ea is large,
desorption is not observed during the simulation time. b) Sim-
ilarly, at ﬁxed Ea = 9 and varying shear rate γ˙, as opposed to
simulations starting with a desorbed globule (black solid line),
the initially adsorbed globule (cyan) does not desorb at large
shear rates. However, the globule reversibly desorbs when the
shear ﬂow is suddenly switched oﬀ, as indicated by the black
dashed line. c) Time series of the instantaneous globule height
zcom(t) and the number of surface-monomer bonds Nb(t)/N
for ﬁxed Ea = 9 and diﬀerent values of the shear rate γ˙ as
a function of the rescaled simulation time. The initial condi-
tion of the simulations is an unbound globule; the globule is
adsorbed for all shown shear rates. Within the area shaded
in gray, the shear ﬂow is suddenly switched oﬀ, γ˙ = 0, lead-
ing to immediate desorption with a low average number of
bonds, indicating reversibility with respect to turning oﬀ the
shear.
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consist of up to 109 simulation steps. We conclude that
a large kinetic barrier separates the adsorbed and des-
orbed states at high shear rate and for high adsorption
energy barriers. In the adsorption state diagrams in ﬁg. 6
the region shaded in gray indicates where the adsorption
state depends on the initial conditions of the simulation,
these are the regions where the system shows irreversible
or non-ergodic behavior over the course of the simula-
tions.
The trend towards irreversibility is visualized more ex-
plicitly in ﬁg. 7c), where we show time series of the in-
stantaneous height zcom(t) and number of surface bonds
Nb(t)/N for a few diﬀerent ﬁxed values of the shear
rate. The surface-monomer bond parameters are ﬁxed at
ΔE = 0, Ea = 9, and x = 0 so that the globule exhibits
adsorption for shear rates larger than about γ˙ = 0.1,
as can be gathered from the adsorption state diagrams
in ﬁg. 6. Indeed, for a shear rate γ˙ = 0.1 (orange line
in ﬁg. 7c), which corresponds to the adsorption transi-
tion, the globule spends roughly equal amounts of time in
the desorbed and in the adsorbed states and frequently
switches between the two states. As can be seen in the
lower panel of ﬁg. 7c), the adsorbed state is maintained
by a rather low average number of surface-monomer bonds
of about Nb/N ≈ 0.1. Due to strong hydrodynamic lift
forces caused by the shear ﬂow, unbound polymers are
most of the time quite far from the surface and out-
side the adsorption range zr = 2, preventing surface-
monomer bond formation. Accordingly, for γ˙ = 1.6 (blue
line in ﬁg. 7c), the time span to reach the surface when
starting from an unbound state is quite large. As can
be seen for the data for γ˙ = 1.6, once the globule is
adsorbed, more surface-monomer bonds form over time.
This cooperative adsorption enhancement in combination
with the low dissociation rates, determined by the high
desorption energy barrier Ed = 9, makes the desorp-
tion of the globule a rare event, which explains why the
simulations exhibit irreversible behavior for high shear
rates.
On the other hand, the shear-induced adsorbed state
shows reversibility with respect to switching oﬀ the shear
ﬂow. This is demonstrated in ﬁg. 7c), where within the
shaded area the ﬂow is turned oﬀ and the shear rate set
to γ˙ = 0. We see that shortly after switching oﬀ the shear
rate, all trajectories exhibit almost immediate desorption
characterized by a low average number of bonds. In fact,
this type of reversible behavior is observed for all values
of the shear rate, as demonstrated in ﬁg. 7b), where we
plot the average globule height after turning oﬀ the shear
ﬂow (dashed black line).
4 Mapping between stochastic two-state
models and conservative potential models
As opposed to the stochastic two-state model for surface-
monomer binding used in the present investigation, which
exhibits shear-induced globule adsorption for small val-
ues of the catch bond parameter x, no shear-enhanced
adsorption was found in our previous study that em-
ployed a description of surface-monomer binding in terms
of conservative pair potentials between surface binding
sites and monomers [14]. In this section we investigate
whether it is possible to ﬁnd parameters of a conserva-
tive surface-monomer potential that might reproduce the
shear-induced adsorption behavior seen in the stochastic
two-state surface-monomer binding model. To this end, we
devise two diﬀerent ways of extracting the eﬀective param-
eters ΔE, Ea and x from a conservative potential-based
model for surface-monomer interactions.
4.1 Dissociation rate in a one-dimensional corrugated
potential
First we consider the one-dimensional motion of a single
particle, which represents a monomer, that is pulled by
an external force fext and subject to a corrugated, peri-








(σW + |y − kb|)12 −
2σ6W
(σW + |y − kb|)6
)
. (7)
This mimics the potential landscape obtained when deco-
rating a surface with discrete binding sites with distance
b, interaction range σW and adhesive strength εW . Fig-
ure 8a) displays the resulting potential including the eﬀect
of the external pulling force,
U(y) = Uinh(y)− yfext (8)
for b = 2 and two diﬀerent values of σW and εW . We
study the one-dimensional particle motion using a Brow-
nian Dynamics (BD) simulation scheme. Typical particle
trajectories are shown in the inset of ﬁg. 8c) for b = 2,
σW = 0.5, εW = 10 and two diﬀerent values of the exter-
nal force.
We deﬁne the desorption rate kd by the inverse average
bond lifetime, i.e. the time the particle remains within one
potential minimum until it crosses the energy barrier and
moves to the next binding site. For simplicity we deﬁne
a bond to be present when the distance between particle
and a binding site is smaller than b/2, i.e., the particle
is considered always to be bound to the closest surface
binding site.
Results from one-dimensional BD simulations in the
corrugated potential eq. (8) are shown in ﬁg. 8c) as open
symbols, where we plot the desorption rate kd as a func-
tion of the external force fext for the two diﬀerent po-
tential parameters shown in ﬁg. 8a). We remark that the
parameter set σW = 0.5 and εW = 10 (black squares)
yields a globule adsorbed in the stick-roll state at a two-
dimensional inhomogeneous surface [14]. Simulation re-
sults are in good agreement with the exact calculation of
the escape rate kmfpt = 1/τmfpt (black line), deﬁned as the
inverse mean ﬁrst passage time of a particle escaping from
the minimum of the tilted, corrugated potential eq. (8).




Fig. 8. a) The one-dimensional potential U(y), eq. (8), result-
ing from the sum over discrete surface binding sites, shown
for two diﬀerent interaction ranges σW = 0.5 (black) and
σW = 0.05 (gray) with εW = 10, 11.8, respectively, and for
pulling force fext = 5. b) With increasing force fext both the
height of the potential energy barrier Ub and its distance to
the minimum yb decrease. c) Desorption rate kd as a function
of fext. Results from one-dimensional BD simulations (sym-
bols) are in good agreement with the analytic calculations kmfpt
(solid lines) based on the mean ﬁrst passage time of a parti-
cle escaping from the potential minimum, eq. (9). Exponential
ﬁts (colored dashed lines) according to eq. (6) in the range
fext < 20 and assuming ν = 100 yield desorption energy barri-
ers Ed = 10.44, 10.42 and catch bond parameters x = 0.4, 0.2
for σW = 0.5 and σW = 0.05, respectively. The inset shows BD
simulation trajectories for two diﬀerent values of fext and for
σW = 0.5.
The theoretical result for the mean ﬁrst passage time [27]
to hit either of the two absorbing boundaries at y = ±b/2,
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For the reduced interaction range σW = 0.05 (sim-
ulation results are plotted as gray circles in ﬁg. 8c),
we increase the adhesive strength to εW = 11.8 so
that the zero-force desorption rate is the same as for
σW = 0.05 with εW = 10. Here the simulation time
step has to be decreased, from Δt = 10−4 to 10−7, in
order to obtain converged results. We see that simula-
tions and the analytical results (gray line) agree very
nicely.
In order to extract rate parameters from the model
deﬁned by the potential eq. (8), we ﬁt the escape rates
according to the desorption rate eq. (6) for forces in the
range fext < 20 and using ν = 100. We obtain an eﬀective
desorption barrier height Ed = 10.44 and a catch bond
parameter x = 0.4 for the potential parameters σW = 0.5
and εW = 10, the ﬁt is illustrated by the dashed cyan
line in ﬁg. 8c). For the more highly corrugated potential,
σW = 0.05 and εW = 11.8, we obtain a smaller catch
bond parameter x = 0.2 but comparable barrier height
Ed = 10.42; the ﬁt is illustrated by the orange dashed line
in ﬁg. 8c). Note that the ﬁts according to the simple expo-
nential force dependence of the desorption rate in eq. (6)
do not describe the actual data in ﬁg. 8c) very well. This
can be rationalized by the fact that the actual potential
energy barrier height Ub and its distance to the minimum
yb, which are both graphically deﬁned in ﬁg. 8a), depend
sensitively on the applied force fext and in fact both de-
crease drastically with increasing fext, as demonstrated in
ﬁg. 8b) for both potentials plotted in ﬁg. 8a). The non-
linear decrease of Ub and the force-dependent shift of the
barrier height position yb might explain the deviation of
the desorption rate from a simple exponential for large
forces, which is clearly seen in ﬁg. 8c). In fact, from our
ﬁt according to eq. (6) we ﬁnd apparent barrier heights
Ed that are comparable to the adhesive strength εW in
the original potential. By contrast, the ﬁt values for the
eﬀective catch bond parameter, which come out as x = 0.4
and x = 0.2 for the potential interaction ranges σW = 0.5
and σW = 0.05, respectively, are not well correlated with
the ranges of the original potentials. In particular, for the
potential with the smaller range σW = 0.05, the catch
bond parameter is much larger. The reason for this might
be that the ﬁt value for the catch bond parameter corre-
sponds eﬀectively to an average over a whole range of the
actual barrier position yb, which is plotted in ﬁg. 8b), in
the relevant force range 0 < fext < 20. In any case, we see
that it might be diﬃcult to reach the necessary small val-
ues of the catch bond parameter of the order of x < 0.02
needed to observe shear-induced adsorption behavior (see
ﬁg. 3).
So far we obtained eﬀective values for the catch bond
parameter x and the desorption energy barrier Ed. Our
simulation results indicate that also the adsorption energy
barrier height Ea is a parameter that has to be ﬁnely tuned
in order to observe shear-induced adsorption (see ﬁg. 6b).
Since escape rates do not include information about the
adsorption energy barrier Ea, a second approach based on
the monomer mobility is used next in order to estimate
Ea.
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Fig. 9. Average particle mobility μ = V/fext in the one-
dimensional corrugated potential, eq. (8), as a function of
pulling force fext. The average velocity V is obtained from one-
dimensional BD simulations for σW = 0.5 and ε = 10 (black
squares) as well as σW = 0.05 and ε = 11.8 (gray circles). Solid
lines represent the solution of the corresponding Fokker-Planck
equation, eq. (10). Colored dashed lines denote the ﬁts accord-
ing to a kinetic two-state model, eq. (11), with ΔE = 4, 4.3
and x = 0.12, 0.02 for σW = 0.5, 0.05, respectively.
4.2 Mobility in a one-dimensional corrugated potential
In ﬁg. 9 we plot the mobility μ = μ˜/μ0 = V/fext, de-
ﬁned as the ratio of particle velocity V and external force,
of a particle in the one-dimensional corrugated potential
eq. (8) as a function of the external force fext. Results
from one-dimensional BD simulations, identical to the one
used in sect. 4.1, indicated by open symbols, are in perfect
agreement with the corresponding solution of the Fokker-




















To extract desorption and adsorption rates from the
data shown in ﬁg. 9, we envision the particle motion as
a sequence of adsorbed and desorbed states. We assume
that the typical adsorption time is ta, during which the
particle is immobile, and that the typical desorption time
is td, during which the particle moves over a distance d.
The rescaled mobility follows as the ratio of the average
velocity, V = d/(td + ta), and the velocity in the des-
orbed state, Vd = d/td. Furthermore, the desorption time
is related to the adsorption rate via td = 1/ka and the
adsorption time to the desorption rate via ta = 1/kd. We














where in the last step we have used eqs. (5) and (6). Equa-
tion (11) thus allows to extract the catch bond parame-
ter x and the adsorption energy ΔE from the potential-
based model by ﬁt of the mobility. We obtain the ﬁt val-
ues ΔE = 4 and x = 0.12 for the potential parameters
σW = 0.5 and εW = 10, and ΔE = 4.3 and x = 0.02 for
σW = 0.05 and εW = 11.8, the corresponding ﬁt functions
are shown in ﬁg. 9 by dashed lines.
We see that we obtain quite diﬀerent ﬁt values for the
catch bond parameter x based on the desorption rate in
sect. 4.1 or based on the mobility in the present section.
For the potential parameters σW = 0.05 and εW = 11.8
we obtain x = 0.2 from the desorption rate and x = 0.02
from the mobility. This shows that even a simple surface-
monomer potential landscape as in eq. (7) cannot be easily
and unambiguously cast into a stochastic two-state model.
This might be due to the fact that the desorption rate
can be ﬁtted to the two-state model reasonably only for
small forces fext < 20, as seen in ﬁg. 8c), because the
desorption barrier in a realistic potential landscape does
not depend in a linear fashion on the applied force, as is
assumed in our desorption rate expression eq. (6). In con-
trast, the mobility is ﬁtted well by the two-state model
in a much broader range of fext, as seen in ﬁg. 9, here
the non-linear force dependence of the desorption barrier
height seems to be less important. Alternatively, the rea-
son for the ambiguous ﬁtting results for x could be that
also the adsorption barrier exhibits a force dependence,
which is neglected in our simple adsorption rate expres-
sion in eq. (5).
Extracting the desorption barrier height from the des-
orption rate we obtain for σW = 0.05 and εW = 11.8 the
value Ed = 10.42. This value is comparable to the range
where we see shear-induced adsorption in ﬁg. 6b). From
a ﬁt to the particle mobility we obtain for σW = 0.05
and εW = 11.8 the estimate ΔE = 4.3. This value is sub-
stantially larger than what is required for shear-induced
adsorption, as seen in ﬁg. 6a). The eﬀective catch bond pa-
rameter we extract for σW = 0.05 and εW = 11.8 is either
x = 0.2 or x = 0.02, depending on whether we use the
desorption rate or the mobility for the ﬁt. Disregarding
the fact that it is not quite clear what the eﬀective catch
bond parameter actually is, it seems that even more highly
corrugated potential landscapes for the surface-monomer
binding would be needed in order to actually reach the
eﬀective catch bond parameter range −0.02 < x < 0.02
needed for shear-induced adsorption, as seen in ﬁg. 3.
In summary, if shear-induced globule adsorption is to
be observed using a corrugated surface-monomer poten-
tial based on monomer-surface site pair potentials, the
potential parameters should be chosen such as to mimic
eﬀective rate parameters in the range Ed = 9, ΔE = 0 and
−0.02 < x < 0.02. We argue that it should be possible to
reach small eﬀective catch bond parameters x by choos-
ing a very small surface interaction range σW , though this
will make simulations quite ineﬃcient because of the nec-
essary small time steps. In order to achieve the necessary
low ΔE value an additional adsorption barrier might have
to be introduced in the potential-based model, such that
the eﬀective adsorption barrier Ea becomes similar to Ed
and thereby ΔE = Ed − Ea approaches zero.
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5 Summary and conclusion
In the present study we investigate the adsorption of a
polymeric globule in shear onto a surface with surface-
monomer bonds that obey stochastic two-state kinetics.
We carefully determine the range of the surface-monomer
bond parameters, i.e. the adsorption and desorption en-
ergy barriers Ea and Ed as well as the catch bond param-
eter x, for which shear-induced globule adsorption is ob-
tained. As our main result, we ﬁnd that in order to observe
shear-induced adsorption, the catch bond parameter x
must be ﬁnely tuned in a narrow range −0.02 < x < 0.02,
while the adsorption and desorption energy barriers must
be quite high and set in a range of 5 < Ea, Ed < 12. In-
terestingly, the energy barrier diﬀerence ΔE = Ed − Ea,
which corresponds to the adsorption energy, must be ﬁnely
tuned in a narrow range of −0.3 < ΔE < 0.4. In other
words, the globule must be close to the equilibrium adsorp-
tion transition. This corresponds to very stringent condi-
tions on the system parameters and means that biological
systems must be ﬁnely adjusted in order for ﬂow eﬀects
to enhance adsorption of globular structures on surfaces.
The physical picture [18] is that the polymer ap-
proaches the surface in a globular conformation in which
desorbing lift forces are minimal. Since only few monomers
are in the reaction range of the surface, the rather large
adsorption energy barrier prevents globule adsorption at
low shear. However, when a bond is formed and the shear
ﬂow is high enough, the chain is stretched and more bonds
can form, given the bond lifetime of the initially formed
bond is larger than the globule unfolding time. Our re-
sults show that even slip bonds, characterized by a catch
bond parameter of the order of x = 0.01, can give rise to
shear-enhanced globule adsorption.
We show that the shear-induced adsorbed state is re-
versible with respect to switching oﬀ the shear ﬂow, mean-
ing that an adsorbed globule for suitably chosen parame-
ters rapidly desorbs when the shear rate is suddenly set to
zero. Similar reversibility has been seen previously in sim-
ulations of shear-induced polymer-colloid aggregate for-
mation [29]. At the same time, large shear rates and large
desorption energy barriers give rise to severe sampling
problems which result in irreversibility eﬀects in the sim-
ulations.
In the last part, we attempt a mapping of the kinetic
two-state model parameters onto a potential-based bind-
ing model. The goal here is to understand the speciﬁcities
of a surface-monomer pair potential that would be needed
in order to lead to shear-induced adsorption of a globule.
In a somewhat broader context, the question here is how
catch bond behavior results from macromolecules that in-
teract via conservative pair potentials. We perform the
mapping using two scenarios, in the ﬁrst scenario we cal-
culate particle desorption rates, in the second scenario we
calculate mobilities of a particle that is dragged over a one-
dimensional highly corrugated potential landscape. Catch
bond parameters in the range of x = 0.02 − 0.4 are ob-
tained, while the adsorption energy diﬀerence ΔE turns
out to be substantially larger than what is required for
shear-enhanced adsorption. This suggests that it might
be necessary to add an adsorption barrier into the sur-
face monomer interaction potential. We conclude that it
is not straightforward to design a model based on conser-
vative surface-monomer pair potentials that would lead
to shear-induced adsorption behavior. On the other hand,
the shortcomings of our mapping also show that the de-
scription of surface-monomer interactions using a kinetic
two-state model with only three parameters is incom-
plete and an additional parameter reﬂecting the force-
dependence of the adsorption rate might be needed.
The interesting question remains of how catch bond
behavior can be reproduced by models based on pair po-
tentials. Clearly, the force dependence of the stability of
a potential-based bond depends on the potential shape in
a non-trivial fashion, and it is altogether not clear what a
minimal model to obtain eﬀective catch bond behavior is.
It might be possible to induce the catch bond character
of a bond by introducing saturation and shielding eﬀects,
which would involve the interplay of several binding sites.
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